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ABSTRACT 


The objective of this research is to evaluate various candidate 
chemical formulations as a precursor for the working fluid to be 
used in the electrothermal hypersonic test facility which was under 
study at the NASA LaRC Hypersonic Propulsion Branch, and to identify 
the formulations which would most closely satisfy the goals set for 
the test facility. 

Out of the four tasks specified in the original proposal the 
first two, literature survey and collection of kinetic data are 
almost completed. The third task, work on a mathematical model of 
the ET wind tunnel operation, was started and concentrated on the 
expansion in the nozzle with finite rate kinetics. 
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OBJECTIVES 


The objective of this research is to evaluate various candidate 
chemical formulations as a precursor for the working fluid to be 
used in the electrothermal hypersonic test facility which was under 
study at the NASA LaRC Hypersonic Propulsion Branch, and to identify 
the formulations which would most closely satisfy the goals set for 
the test facility. 

WORK DONE IN THE FIRST SIX MONTHS OF THE PROJECT 

Out of the four tasks specified in the original proposal the 
first two are almost completed. The third task, work on a mathematical 
model of the ET wind tunnel operation, was started and concentrated 
on the expansion in the nozzle with finite rate kinetics. The work 
that has been done in the first six months of the project is 
summarized below. 

Task 1: Literature Survey 

A thorough survey of the relevant literature has been done. 
Some highlights are given below: 

NASA/LaRC Studies: In 1988 NASA LaRC Hypersonic propulsion 

Branch has initiated a study to conceptually define a facility which 
will extend their range of ground testing capability from Mach 7 
flight enthalpy simulation to conditions typical of atmospheric 
flight at Mach numbers up to 12. 

For this study the facility goals have been defined in the 
following order of priority 1 : 

1. The facility should provide a steady flow of test gas (21% 
O 2 by volume) for 10 to 40 seconds at Mach number 10 to 12 
(enthalpy 2000 - 3000 Btu/lb) with a test core cross 

sectional area of 24 x 24 inches and at a Mach number which 
is 70% of the simulated flight Mach number and with a stream 
total pressure of at least 5000 psia (approximately 3 5 lb/s) 
and, as a goal, a maximum of 15,000 psia (approximately 100 
lb/s) . 
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2. The facility should include liquid or gas storage of N 2 , 
O 2 and H 2 to at least 6000 psia and, as a goal, 15,000 psia, 
a gas heater and a combustor, cooled nozzle approach and 
throat sections, nozzle expansion sections (variable exit 
area) for Mach 6, 7 and 8.4. 

3. The facility should provide means to direct connect 
combustors of a size consistent with the above conditions 
in unvitiated flows at enthalpies to 1000 Btu/lb and vitiated 
flows with enthalpies to 2000 - 3000 Btu/lb. 

4. The facility should provide the capability to test small 
scale scramjet engines (approximately 50 to 100 square inch 
nominal capture area) with a length up to 12 ft. The test 
cabin should be approximately 8 ft in diameter with a length 
of approximately 20 ft and incorporate a diffuser water 
spray intercooler connected to the 70 ft vacuum sphere to 
be installed at Building 1221 at LaRC in FY89. 

Subsequently, the design and pilot scale testing of an elec- 
trothermal wind tunnel was contracted to General Applied Sciences, 
Inc. GASL has initiated the design of an electrothermal wind tunnel 
using air-argon mixtures (replenished with oxygen as required) as 
the working fluid. Their goal was to provide free jet conditions 
in the facility which will simulate conditions typical of atmospheric 
flight at Mach numbers up to 20 and also to provide direct connect 
simulations for the conditions at the combustor inlet corresponding 
to the above-atmospheric flight conditions 3 . As a result of their 
analysis of the facility nozzle for the full scale electrothermal 
wind tunnel, GASL reported the following findings 3 : 

1. The flight Mach 10 and 12 free jet and direct connect 
conditions can be simulated using air with small amounts 
of oxygen replenishment to obtain 21% O 2 by volume. 

2. Flight Mach 16 free jet simulation requires about 20% argon 
by mass in the test gas to contain the pressure generated 
in the mixing chamber. A suitable test gas can be obtained 
by oxygen replenishment. Direct connect test conditions 
can be obtained using pure air since typical combustor total 
pressures are substantially lower than those required for 
free jet simulation. Oxygen replenishment is needed here 
as well. Static nozzle exit conditions for both free jet 
and direct connect simulation are close to the desired test 
conditions. 
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Simulating Mach 20 free jet conditions requires a minimum 
of 65% argon by mass in the test gas. Due to the high total 
enthalpy of the gas, oxygen recombination is found to be 
minimal. The same holds true for simulating direct connect 
conditions as well. Increasing the amount of argon in the 
test gas does not lead to additional recombination to O 2 . 
Substantial oxygen replenishment is required to obtain the 
correct mole fraction of O 2 at the nozzle exit, and results 
in the formation of equal amounts of atomic oxygen. In 
addition, static nozzle exit conditions are far from desired 
test conditions due to chemical freezing. Therefore, 
obtaining suitable test conditions or a test medium for 
flight Mach 20 simulation seems unlikely at this point. 

4. In all of the above cases, very low nozzle expansion angles 
(<3 degrees) are assumed to maximize the formation of O 2 . 
This also maximizes the heat transferred to the nozzle walls 
and hence increases cooling requirements beyond that 
encountered by facility nozzles in similar facilities. 

GASL recommended further investigations in contoured 2-D nozzle 
chemistry and in the use of more efficient third bodies such as H 2 O 
to promote additional O 2 recombination. Their preliminary design 
of a pilot facility (l/50th of the full scale facility) showed that 
the stagnation conditions of 7900 K and 2170 atm with a test gas 
containing 32% 0 2 , 66.7% N 2 and 1.3% Ar by mass will produce nozzle 
exit conditions of 1600 K, .55 atm and a Mach number of 5.8. These 
are comparable to the combustor inlet conditions corresponding to 
a flight Mach number of 16 (Mach number 5.38, pressure 0.55 atm, 
temperature 2050 K) . The gas at the nozzle exit contains 21% O 2 , 
8.4% O, and 5.6% NO by mole. The throat diameter of the nozzle 
required to produce these exit conditions is only 1.87 mm. GASL 
made additional calculations to find out if the required throat 
area could be increased by replacing the nitrogen in the test gas 
by argon, but this required the addition of 8% more oxygen to the 
test gas thereby resulting only in a negligible increase in the 
nozzle throat area. They have also made calculations to predict 
the nozzle throat surface temperature rise. The results indicated 
that active cooling (most likely transpirational cooling) will be 
needed to maintain the wall temperature below the melting point of 
the material at the throat and throughout the entire length of the 
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nozzle. To overcome the limitations imposed by the nozzle size and 
excessive heat flux, they suggested the reduction of test durations 
to 50 milliseconds. 

The funding of this work has been halted due to the failure of 
the electrothermal concept to meet the gas composition requirements. 

E 1 ectrotherma 1 guns : The electrothermal gun research were 
undertaken mainly at the Ballistic Research Laboratories, FMC 
Corporation, Pennsylvania State University, and GT Devices. The 
results have been published in volumes one and three of the pro- 
ceedings of the 26th JANNAF Combustion Meeting^. 

The electrothermal gun is an advanced concept in which a portion 
or all of the propulsion energy is provided by a high intensity 
electric energy source discharged into the gun in the form of a 
plasma jet. The plasma is generated in a tube, called a capillary, 
when electrical energy from a pulse forming network is discharged 
between cathode and an annular anode at the opposite ends of the 
capillary. The plasma is then accelerated through a nozzle into 
a mixing chamber containing the working fluid or propellant. If 
the propellant is a nonreactive fluid, the gun operates as an 
electrothermal gun. If, on the other hand the propellant reacts 
exothermically, the gun operates as an electrothermal-chemical (ETC) 
gun or a combustion augmented plasma (CAP) gun (the latter term is 
used to describe the specific electrothermal-chemical gun being 
studied by the FMC Corporation) . 

A major constraint imposed on the working fluids used in 
electrothermal guns is that they have low molecular weights and, 
if operating in the ETC mode, produce low molecular weight products 
in order to maximize the ballistic efficiency (the ratio of projectile 
muzzle kinetic energy to the total energy, both chemical and 
electrical, supplied to the gun). The reason for this is that the 
kinetic energy of the gases is not transferred to the projectile 
and therefore wasted. Since in the electrothermal wind tunnel the 
emphasis is on the gases rather than the projectile, this limitation 
will not be of concern in the design of the test facility. On the 
other hand, there is a much stricter constraint on the composition 
of the product gases since they are required to simulate the 
atmosphere under high altitude, hypersonic flight conditions. 


5 


Another property of the working fluid which requires attention 
is its heat capacity. Since the plasma is created by the external 
supply of electrical energy, it is possible to achieve an arbitrarily 
high energy density in the working fluid. This of course leads to 
excessively high flame temperatures. Therefore, it is necessary 
that the heat capacity of the working fluid be sufficiently high 
to reduce the amount of heat transferred to the confining walls. 
This is also important in the design of the electrothermal wind 
tunnel to reduce the cooling requirements for the nozzle, but the 
requirements placed on the composition of the gaseous products will 
always be the dominant constraint. Presence of water molecules 
with high heat capacity and low heat capacity ratio will be desirable 
for this purpose. 

Plasma processes : The ballistic efficiency of a ET or ETC gun 
is determined primarily by the pressure profile of the gun. This 
profile is determined, in turn, by the rate of evaporation of 
liquid or solid propellant, and/or the reaction rate of the working 
fluid. These rates are strongly influenced by the plasma -propellant 
interaction. Since the same processes determine the stagnation 
conditions in an ET wind tunnel, they are also very important for 
the design of the hypersonic test facility. 

Recent research on plasma processes in ET guns was focused on 
two areas: the experimental determination of plasma temperatures 
and generation of a model of the plasma process. The preliminary 
work done at BRL by Bunte and Beyer 5 on laboratory scale plasmas 
using atomic emission spectroscopy indicate that temperatures around 
15,000 K (1.32 eV) exist in the plasmas. In their experiments the 
power supply was charged to 2000 volts and approximately 2000 amperes 
of current was delivered to the capillary. Spector et al. 6 also 
measured the temperature, density and velocity of plasma jets created 
by high pressure discharges. They used charging voltages between 
2 - 10 kV with corresponding peak currents of 3 - 24 kA. They 
report a typical peripheral temperature of 0.4 eV for the plasma 
jet. 

Although it was reported 7 that a one-dimensional plasma model 
was successfully developed at BRL, it was not made public. Loeb 
and Kaplan 8 have developed an analytical model for confined high 
pressure discharges operating at a quasi-steady state. They obtained 
equations for plasma temperature, pressure, density, and resistivity 
in terms of the degree of ionization, the induced current and the 
capillary dimensions. Their model shows good agreement with the 
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experimental results for 30 - 60 kJ discharge systems. Sheppard 
and Martinez-Sanchez 9 developed a finite rate model to describe 
nonequilibrium ionization in plasmas. They found that the non- 
equilibrium effects will be dominant at the inlet and for the initial 
ionization process. 

Plasma - working fluid interaction : The pressure and temperature 
profiles in the ET gun are primarily determined by the rate of 
entrainment of the working fluid by the plasma jet and the rate of 
energy transfer between the plasma and the propellant. These rates 
are strongly influenced by the area of the interface between the 
plasma and the working fluid. Marinos and Kuo et al. 10 experimentally 
investigated the plasma - working fluid interaction in the chamber 
of a CAP gun using real time X-ray radiography and direct observation 
by a high speed camera. Their results showed that the first one 
to two milliseconds is the most important time period for plasma 
- working fluid interactions while the combustion process lasts 
several seconds. Observations at 1ms after ignition show that the 
plasma jet starts to penetrate into the interior of the working 
fluid, resulting in a "Taylor cavity". The plasma jet then expands 
rapidly as it penetrates into the combustion chamber. As time goes 
on, the plasma cools down, and its energy is transferred to the 
working fluid. A portion of the condensed phase propellant evaporates 
and expands radially in a non-symmetric manner. In about 4 to 6.5 
ms a large portion of the chamber is filled with the gaseous products. 
It was also noticed that the plasma - working fluid interface 
appeared wavy indicating that significant entrainment can be induced 
by the relative motion of the plasma jet and the working fluid, 
generating a large interfacial area. The researchers concluded 
that in modelling the performance of the CAP gun the development 
of Taylor cavity, the entrainment process, and the pressure vari- 
ations in the combustion chamber should all be considered. 

Gough 11 developed a one-dimensional, lumped parameter model to 
describe the mixing of plasma with the working fluid. The condensed 
phase propellant is assumed to vaporize at a finite rate. Only the 
vaporized portion of the working fluid is assumed to mix homogeneously 
with the injected plasma. The model applies both to inert and 
reactive working fluids. The mixture of plasma and the working 
fluid are assumed to be in thermodynamic equilibrium. The plasma 
is considered as a source of mass, momentum, and energy in the gas 
phase balance equations. It is assumed that the mixing length for 
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the plasma is fixed at a user specified value. Ballistic parameters 
were found to be insensitive to the mixing rate which can be taken 
to be proportional to the rate of plasma injection. 

Gas expansion and ET gun interior ballistic processes : The 
lumped parameter model of Gough 11 discussed above also gives the 
breech pressure and the muzzle velocity in terms of the propel- 
lant/projectile mass ratio and the rate of mixing of plasma with 
the working fluid. 

Cook et al. 12 of FMC Corp. developed a two dimensional, axi- 
symmetric, interior ballistics code that models a CAP gun using a 
liquid propellant. In the model the plasma constituents are grouped 
together with the combustion products and treated as the gas phase 
while the unreacted propellant formed the liquid phase. In the 
balance equations, the effect of plasma is accounted for in the 
source terms. The turbulent part of the viscosity term in the 
Navier - Stokes equation is described by a zero equation model. 
It is assumed that the energy from the plasma and reactions is 
used to increase the gas temperature while the liquid temperature 
remained constant. An empirical equation is used to describe the 
combustion energy release rate. The model was used successfully 
to simulate the operations of the 30 mm and 105 mm caliber guns 
which are currently being tested at the FMC Corp. 

White and Oberle 13 used a constant chamber pressure model to 
describe the internal ballistics of an electrothermal gun, and they 
employed the model to evaluate the impact of the condensed phase 
products on the ballistic performance. They found the specific 
heat ratio to be an important parameter in the establishment of the 
chamber pressure and the projectile velocity and concluded that, 
in the evaluation of the propellants, impetus alone will not be a 
sufficient criterion and, for this purpose, complete interior 
ballistic calculations are required. The specific heat ratio is 
also an important parameter in electrothermal wind tunnels not only 
in the development of the mixing chamber pressure profile, but also 
in determination of the magnitude of the required stagnation 
conditions. 

Potential ET oun propellants : A major advantage of ET guns is 
the separation of the tasks of power generation and gas generation 
allowing more flexibility in the selection of the propellants to 
provide reaction products with the required properties. King 14 
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evaluated several candidate propellant formulations for electro- 
thermal guns using the BLAKE computer code of BRL for thermodynamic 
calculations and a modified version of a lumped parameter interior 
ballistics code (IBRGA of BRL) for the determination of breech 
pressures and muzzle velocities. He concluded that considerable 
muzzle velocity gains can be obtained relative to a conventional 
gun propellant by using more appropriate formulations as propellants. 
This gain is partly due to the higher impetus of formulations 
producing low molecular weight gaseous products. The possibility 
of increasing the muzzle velocity by using a specified improved 
pressure trace was also investigated. In this analysis the flame 
temperature limit was set at 3400 K and the breech pressure was 
limited to 350 MPa. 

Electrothermal propulsion ; Electrothermal propulsion systems 
can provide a high specific impulse option compared to chemical 
rockets at the expense of a relatively low thrust. In these systems 
various different methods are being used to transfer electrical 
energy to the propellant. Among these recent studies on 
microwave-plasma electrothermal (free radical) propulsion systems, 
magnetoplasmadynamic (MPD) propulsion systems and propulsion con- 
cepts using combination of electrical energy and chemical energy 
contain information relevant to the proposed electrothermal-chemical 
wind tunnel concept. 

Hawley and his various co-workers 15 » 16 have studied the 
microwave electrothermal thrusters experimentally and theoreti- 
cally. They developed one and two dimensional models of the reaction 
zone and estimated the axial temperature and concentration profiles 
which represented experimental measurements well . They observed 
significant energy losses through wall recombination. Hawkins and 
Nakanishi 17 recommend wall site treatments with recombination 
inhibitors or use of a buffer layer of molecular gas at the wall 
to increase volume recombination. Since the main objective is to 
increase the specific impulse, hydrogen is the propellant of choice 
for these systems. 

Jeng and Keefer 18 investigated the effect of finite rate 
chemistry on the performance of a thruster using laser-sustained 
hydrogen plasma propellant. They used a Navier-Stokes solver to 
predict the temperature distribution within the combustion chamber 
and at the throat of the nozzle, and the JANNAF standard TDK code 
to calculate two-dimensional nozzle expansion with finite kinetics. 
They found that for propellant stagnation temperatures greater than 
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9000 K the recombination of ions and electrons is the rate controlling 
step, while for lower stagnation temperatures the gas composition 
is determined by the rate of atomic recombinations. 

MPD thrusters were investigated both in the United States and 
Europe 19 > 20 . The European effort encompasses the research on pulsed 
coaxial ablative thrusters using Teflon propellant, MPD arc jets 
producing mainly electrothermal thrust, continuous and pulsed pure 
MPD thrusters with electromagnetic accelerating mechanisms, and 
high power (several hundred kW) , continuous, self-magnetic field 
plasma thrusters. The researchers at the University of Pisa developed 
a two-dimensional model of the MPD channel including real gas effects 
and based on a finite-difference scheme. Seikel and Franks 19 
proposed a completely magnetically contained electrothermal thruster 
and pointed out that applied-field thrusters are superior to 
self-field thrusters with respect to efficiency, electrode wear, 
and conversion of plasma heating to thrust. 

Pollard and Cohen 21 introduced the hybrid electrical chemical 
propulsion concept. The results showed that by adjusting the ratio 
of electrical energy (higher specific impulse, lower thrust) to 
chemical energy (lower specific impulse, higher thrust) the desired 
performance with respect to the specific impulse and thrust can be 
obtained. 

Alternate concepts for hypersonic test facilities : Currently 
several alternative methods are available for the generation of the 
conditions required in a hypersonic test facility. These are listed 
and discussed in the GASL report 1 prepared for NASA/LaRC. Arc 
heated facilities are limited to relatively low pressures (currently 
below 3000psia) . Augmenting arc heated facilities with MHD 
accelerators appears to be a very promising concept. Since the 
energy is added to a relatively low velocity flow, the necessary 
stagnation conditions are milder and result in reduced wall heat 
transfer and test gas dissociation. A theoretical study by Crawford 
and Rhodes 22 have shown that combustor inlet conditions for 
hypersonic flight vehicles corresponding to flight Mach numbers up 
to 25 could be simulated with nearly exact properties. The drawback 
of this concept is the contamination by the seed (about 1%) which 
has to be added for the MHD process. The flash tube concept, which 
uses a slow moving def lageration wave in a driver tube with an open 
end, has not yet been demonstrated. Impulse facilities do not 
provide the required test duration. The method preferred in the 
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GASL concept study was the use of a graphite or zirconia storage 
heater using vitiated air for high enthalpy runs and unvitiated air 
for low enthalpy clean air runs. 

Task 2: Collection of Thermodynamic and Kinetic Data 

Efforts in this area were concentrated on obtaining data for 
the propellants containing mainly nitrogen, hydrogen, and oxygen 
such as NH 3 and HAN and those containing a relatively small amount 
of carbon such as HMX, and RDX. Some alternate oxygen sources such 
as nitrogen pentoxide and nitrogen dioxide were also considered. 
The reason for this choice is to keep the composition of the test 
air as close to that of the high altitude atmosphere as possible 
and to avoid introducing a large number of foreign atoms such as 
carbon into the test air chemistry. A list of the literature 
containing relevant data is provided in Appendix 1. The analysis 
of the available data is not yet complete. Rather than to include 
the raw data here we plan to present our results in the next report. 

Task 3: Development of a Mathematical Model 

At this stage the chemical-electrothermal wind tunnel will be 
modelled as a mixing chamber connected to an expansion nozzle. 
Since we expect to take advantage of kinetics to alleviate some of 
the limitations imposed on the test gas composition by chemical 
equilibrium the use of finite rate chemistry is important. For 
this purpose we have acquired the 1 GCKP84 General Chemical Kinetics 
Code" and adapted it to work on our 486 personal computer. The 
code has been debugged and tested using the case studies provided. 
We are now ready to start testing the working fluid formulations. 


FUTURE WORK 

The future work will consist of the following: 

1- Analysis of the kinetic and thermodynamic data and their 
conversion into a format suitable for use with the General 
Kinetics Code. 

2- Evaluation of candidate formulations using the computer 
model . 

3- Modification of model to represent the wind tunnel more 
closely. 
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4- Testing of various formulations with the modified model. 


12 



REFERENCES 


1. Roffe, G. , "Hypersonic Scramjet Test Facility Concept Study,” 
GASL TR 295 (June, 1988). 

2. GASL second monthly status report for contract NAS1-18450 (Feb. 
27, 1990). 

3. GASL sixth and seventh monthly status report for contract 
NAS1-18450 (Aug. 23,1990). 

4 26th JANNAF Combustion Meeting, CPIA publication 529, volumes 
1 and 3 (October 1989) . 

5. Bunte, S. W, and R. A. Beyer, "Temperature Measurements of ET 
Plasma," 26th JANNAF Combustion Meeting, Jet Propulsion Lab- 
oratory, Pasadena CA, October 23 - 27, 1989. 

6. Spec tor, N. , Z. Kaplan, A. Loeb, B. Brill, and J. Levinson, 

"Confined High Pressure Discharge Experiments," IEAA Trans- 
actions on Magnetics, 25 (1) , pp. 538 - 540 (1989) . 

7. Juhasz, A. A., "Activities in Electrothermal Gun Propulsion," 
CPIA Publication 529, pp. 103 - 109 (1989). 

8. Loeb, A. And Z. Kaplan, "A Theoretical Model for the Physical 
Processes in the Confined High Pressure Discharges of Elec- 
trothermal Launchers," IEEE Transactions on Magnetics, 25 (1) , 
pp. 342 - 346 (1989) . 

9. Shephard, E. and M. Martinez-Sanchez, "Nonequilibrium Ion- 
ization in Plasma Accelerators," AIAA 90-2606, 21st Interna- 
tional Electric Propulsion Conference, Orlando FL, July 18-20 
1990. 

10. Marinos, C. D. , T. M. Pfenning, W. C. Dick, G. S. Chryssomallis, 
K. K. Kuo, F. B. Cheung, W. H. Hsieh, and J. L. Chen, "X-Ray 
Radiography study of the interaction Between a Plasma Jet and 
the Working Fluid of a Combustion Augmented Plasma Gun," 26th 
JANNAF Combustion Meeting, Jet Propulsion Laboratory, Pasadena 
CA, October 23 - 27, 1989. 

11. Gough, P. S., "Influence on Interior Ballistics of Electro- 
thermal Gun of Rate of Mixing of Plasma with Working Fluid," 
CPIA Publication 529, pp. 187 - 202 (1989). 


13 


12. Cook, D. C., J. A. Dyvik, and G. 8. Chryssomallis, "A Multi- 
dimensional Electrothermal Model," 26th JANNAF Combustion 
Meeting, Jet Propulsion Laboratory, Pasadena CA, October 23 - 
27, 1989. 

13. White, K. J. and W. P. Oberle, "The Effect of Condensed Phase 
Combustion products on Ballistic Performance", CPIA Publication 
529 vol . I, pp. 121 - 132 (1989). 

14. King, M. K. , "Cycle Analysis Studies of Candidate Formulations 
for Electrothermal Guns," CPIA Publication vol. Ill, pp. 97 - 
108 (1989). 

15. Filpus, J. W. and M. C. Hawley, "The Energetics of Hydrogen 
Atom Recombination Analysis, Experiments, and Modeling", 
Proceedings of the 17th International Electric Propulsion 
Conference (A85-16376 05-20), p. 551 - 559, 1984. 

16. Haraburda, P. and M. C. Hawley, "Investigations of Microwave 
Plasmas Applications in Electrothermal Thruster Systems", AIAA 
89-2378, 25th Joint Propulsion Conference, Monterey, CA, July 
10-12, 1989. 

17. Hawkins, C. E. and 8. Nakanishi, "Free Radical Propulsion 
Concept", AIAA 81-0676, 15th International Electric Propulsion 
Conference, Las Vegas, Nevada, April 21-23, 1981. 

18. Jeng, San-Mou and D. Keefer, "Effect of Finite Rate Chemistry 
On a Realistic Laser Thermal Rocket Performance", AIAA 88-2774, 
AIAA Thermophysics, Plasmadynamics and Lasers Conference, San 
Antonio, TX, June 27-29, 1988. 

19. Seikel, G. R. and C. V. Franks, "Completely Magnetically 
Contained Electrothermal Thrusters", AIAA 85-2053, 18th 
International Electric Propulsion Conference, Alexandria, VA, 
September 30-0ctober 2, 1985. 

20. Bartoli, C. and W. Berry, "Review of European Electric Pro- 
pulsion Developments", AIAA 87-1099, 19th International 
Electric Propulsion Conference, Colorado Springs, Colorado, 
May 11-13, 1987. 

21. Pollard, J. E. and R. B. Cohen, "Hybrid Electric Chemical 
Propulsion", AIAA 85-1227, 21st Joint Propulsion Conference, 
Monterey, CA, July 8-10, 1985. 

22. Crawford, R. A. and R. P. Rhodes, " AIAA 90-2505, 26th Joint 
Propulsion Conference, Orlando FL, July 16-18, 1990. 


14 


APPENDIX 1 


15 



1. Foxwell, Thermal Dissociation of Ammonia with Special 
Reference to Coke Oven Conditions, J. Soc. Chem. Ind. 41, 

1 14-25T( 1922 ) . 

2. White, E.C., Initial Rate of Decomposition of Nitrogen 
Pentoxide, J. Am. Chem. Soc. 47, 1240-55 (1925). 

3. Hirst, H.S., Thermal Decompositin of Nitrogen Pentoxide . 

J. Chem. Soc. 127, 657-71 (1925). 

4. Rideal,E. K., The Thermal Decomposition of Nitrogen Pentoxide 
at Low Pressures. Proc. Roy. Soc. (London) 109A, 526-40 

( 1925) 

5. Schumacher, H.J. and Sprenger, G. , The Decomposition of 
Nitrogen Pentoxide. Phys . Chem. Inst., Univ. of Berlin. 
Z.Physik. Chem., Abt . A, 140, 281-90 (1929) 

6. Schumacher, Hans J. and Sprenger, G., The Reaction Between 
Nitrogen Pentoxide and Ozone. Z. Physik. Chem. 136, 77-92 

(1928) . 

7. Sprenger, G., Decomposition of Nitrogen Pentoxide. I. The 
Monomolecular Reaction and Its Cessation at Low Pressures. 
Univ. Berlin. Z. Physik. Chem. 136, 49-76 (1928) 

8. Ogg, R. A. Jr, Experimental Evidence for the Quasi 
-Unimolecular Dissociation of Nitrogen Pentoxide. J. Chem. 
Phys. 18, 573 (1950). 

9. Reed, L.J. and Theriault, E.J., Statistical Treatment of 
Reaction Velocity Data., J. Phys. Chem. 35, 950 -71 (1931). 

10. Johnson, D. L., Kinectics of the Homogeneous Thermal 
Decomposition of Ammonia in the Shock Tube. (Washington 
Univ., St. Louis, Mo.) Univ. Microfilms (Ann Arbor, Mich.) 
Order No. 66-11, 889, 181 pp., Diss. Abstr. B27 (6), 1898 
(1966) . 

11. Bann, G.S., Reaction Rate Compilation for the H-O-N 
System. 246pp. Gordon and Breach; New York, 1968. 

12. Lindholm, E., Dissociation of Molecules and Molecule 

Ions in M.O. Theory. II. Dissociation of Ammonia and NH3+. 

Roy Inst. Technol . , Stockholm, Swed. Ark. Fys. 1968, 37(5), 
49-58 (Eng) . 

13. Semiolehin, I. A., Andreev, Yu. P., Salimova, K. M., Gorrat, 
F.Yu. (Mosk., Gos. Univ. Lomonsova, Moscow, USSR) Zh. Fiz. 
Khim 1968, 42(4) 904-914. 

14. Zakhavaeva, N . , Temperature Dependence of the Rate Constant 
on the Decomposition of Ammonia in the Electric Discharge. 
Zhur. Fiz. Khim., 23, 379-382 (1949). 


15. Bamford, C.H. and Tipper, C.F.H., Comprehensive Chemical 
Kinetics, Decomp. Inorganic and Organomet. Compounds (4) 
Elsevier Publishing Co. 1972. 

16. Boggs, T.L., Thermal Behaviour (RDX) and (HMX), Fundamentals 
of Solid-Propellant Combustion, Progrss in Astronautics and 
Aeronautics, vol . 90, 121-175, New York, 1984. 

17. Fifer, Robert A., Chemistry of Nitrate Ester and Nitramine 
Propellants, Fundamentals of Solid-Propellant Combustion, 
Progress in Astronautics and Aeronautics, vol. 90, 177 -237, 
New York, 1984. 

18. Lengelle, G. ET AL . , Degradation Characteristics of 
Propellants Components. Condensed-Phase Degradation Gases. 

19. Cohen, Norman S., Lo, George A., and Crowley, Joseph C. 

Model and Chemistry of HMX Combustion. AIAA/SAE/ASME Joint 
Propulsion Conference, Seattle, Washington (1983). 

20. Kubta, Naminosuke, Hirata, Norimasa, and Sakamoto, Satoshi , 
Decomposition Chemistry of TAGN, Analysis of Propellants and 
Explosives Chemical and Physical Methods. Proceedings of the 
Seventeenth International Annual Conference, Karlsruhe, 

West Germany, p.69-1 - 69-8, (1986). 


